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-Introduction.
The symmetrization postulate is a fundamental postulate in quantum mechanics. It states that in a system containing identical particles, the only possible states are either all symmetrical or all antisymmetrical with respect to permutations of the particles. In the first case the particles are called bosons, in the second case they are called fermions.
Different statistical properties result in the two cases from the postulate. Bosons follow Bose-Einstein statistics, fermions obey Fermi-Dirac statistics.
Experiments indicate that elementary particles with half-integer values of spin are fermions, while those with integer spin are bosons.
In fact, quantum mechanics would allow also symmetries different from those imposed by the symmetrization postulate. The possibility of quantum-mechanical systems following statistics different from Bose and Fermi statistics has been proposed in several areas of physics [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Although experimental evidence allows to exclude gross differences with respect to Bose and Fermi statistics, theories have been developed allowing also for small deviations from conventional statistics, which might have been masked in the experiments performed so far.
(*) The author of this paper has agreed to not receive the proofs for correction.
Indeed, in spite of the importance of the symmetrization postulate in the understanding of many phenomena in physics, and contrary to what is commonly believed, its validity has not been tested accurately until recently. In fact, only one accurate experiment exists checking the validity of the Pauli principle for electrons [14] .
The experiment I discuss here would allow an accurate test of the validity of the symmetrization postulate for bosons by looking for 1602 molecules in states which are forbidden according to the postulate.
I show that significative data can be obtained by using well-developed methods of laser spectroscopy. It is sufficient to look for lines that a molecular spectroscopist would never look for.
2. -Symmetrization postulate and molecular spectra.
As is well known, the symmetrization postulate allows to understand important features of the spectra of molecules containing identical nuclei and, in particular, the spectra of homonuclear diatomic molecules [15] .
According to the Born-Oppenheimer approximation and neglecting the coupling of the nuclear spin with the rest of the molecule (which is not important for the experiment proposed here since the spin of 180 nucleus is zero), the total wave function Ct~ can be written in the form (1) where ~e, ~v and ~r are, respectively, the electronic, vibrational and rotational wave function and ~. is the nuclear spin function.
According to the symmetrization postulate, the total wave function must be symmetric or antisymmetric in the exchange of the identical nuclei; ~t, will not change if the nuclei are bosons, it will change sign if the nuclei are fermions. Taking into account the symmetry of the electronic, vibrational and nuclear functions, it is possible to explain the relative intensities of lines starting from different rotational levels.
The 1602 molecule represents a particularly simple case. The nuclear spin of 160 is zero and the nuclear spin function is therefore obviously symmetric. The vibrational wave function Cv is also unaltered in the exchange of the nuclei because it depends only on the magnitude of the internuclear distance. Since the total wave function ~bt. must be symmetric, only the states corresponding to even (odd) rotational quantum are allowed if ~be is symmetric (antisymmetric).
The ground state of the 1~O~ molecule is a 32:~ state, which is antisymmetric under the exchange of the two nuclei. The rotational states corresponding to even rotational numbers are therefore forbidden according to the postulate. Indeed, only alternate lines have been observed in the spectra [15] .
On the other hand, it is clear that a violation of the symmetrization postulate would allow also states corresponding to even rotational numbers. Searching for transitions starting from these levels corresponds then to searching for violations of the symmetrization postulate. This is indeed the idea of the proposed experiment which is discussed in the following. 3"1. Theoretical background. -It is not the purpose of this paper to discuss the theories which account for statistics different from Bose and Fermi for identical particles. Only some basic concepts are sketched in this section in order to set the idea underlying the proposed experiment in a more general frame.
Before proceeding in the discussion, it is worth emphasizing that on the basis of experimental evidence it is easy to exclude gross differences with respect to Bose and Fermi statistics. It is then of interest to consider those theories which give rise to small deviations from the conventional statistics. Such deviations can be expressed as a different symmetry of the state under particle exchange or, in a Fock-space representation, as a deformation of the algebra of the creation and annihilation operators.
The first attempt to go beyond Bose and Fermi statistics was made in ref.
[1] introducing intermediate statistics in which up to n particles can occupy a given quantum state. Fermi statistics is recovered for n = 1 and Bose statistics corresponds to n -~ oo. This idea led to the developments of a generalized field theory [2] in which the field operators obey trflinear commutation relations of the form It is of interest then to consider the possibility of statistics which can give rise to small violations of the symmetrization postulate. This means that in the case of electrons, for example, one can write the two-electron density matrix ~ 2 in the form ( ) (3) •2 = 1-lfl z t~a-{-~fl ~s, where p a(s) is the antisymmetric (symmetric) two-electron density matrix. A pair of electrons will be in the normal antisymmetric state with probability (1-(1/2)fl 2) and in the anomalous symmetric state with probability (1/2)fl 2. In the literature, (1/2)fl 2 is usually defined as the probability that a pair of identical particles is in the anomalous state. In the case of bosons, therefore, • ~ and p s are exchanged in eq. (3), so that (1/2)fl 2 gives the probability that the system is in the antisymmetric state. A theory allowing a continuous interpolation between Bose and Fermi statistics was developed in recent years [6] [7] [8] 16] . The commutation and anticommutation relations of creation and annihilation operators are replaced by generalized bilinear commutation relations depending on a parameter q (q-mutators):
with the vacuum condition akl0) = 0.
The particles which obey this type of statistics are called ,<quons,). Bose and Fermi statistics are recovered in the cases q = 1 and q = -1, respectively.
It can be shown [8] that, assuming the commutation relation in eq. (4), the two-electron density matrix can be expressed in terms of q as 1 1
(5) ~2 = 2-(1 -q)~a + 2-(1 + q)ps, z z which provides a connection between q and fie. The importance of quon statistics is that it gives an example of an interpolation between Fermi and Bose statistics. It has been shown [16] that this interpolation preserves positivity of norms and the non-relativistic form of locality. Other aspects are still doubtful as the possibility to allow local observables in a relativistic theory or to account for the existence of antiparticles [16, 17] . A different approach to small violations of Fermi and Bose statistics has also been studied using deformations of the trilinear commutation relations introduced in ref. [2] . In these theories, however, negative probabilities appear [3, 5, 18] .
This brief overview, which is necessarily incomplete, shows that symmetries different from those imposed by the symmetrization postulate can in principle be conceived in the frame of quantum mechanics and lead to statistics different from Bose and Fermi statistics. Although the form of these new statistics may appear not as clear as the other ones, it is worth observing that, as stated in ref. [19] , we have neither a complete understanding nor an elementary explanation of the spin-statistics connection. In the following subsection, it is shown that we do not even have a clear phenomenological support for the symmetrization postulate.
3"2. Experiments.
-One can envisage three types of experiments to search for deviations from Bose or Fermi statistics [8] : 1) to detect an accumulation of particles in anomalous states, 2) to detect transitions to anomalous states, and 3) to detect deviations from the usual statistical properties of many-particle systems. Type-3) experiments are usually considered as proofs of the validity of the symmetrization postulate. In fact, their accuracy is low and they would hardly allow to show any small deviation. Type-l) and -2) experiments can be much more accurate, provided sensitive enough detection methods are used.
The accuracy of the existing data is very different for Fermi and Bose statistics [20] . In fact, in the case of electrons a high-precision experiment was performed by Ramberg and Snow [14] . They passed a current through a strip of copper and looked for X-ray transitions due to an electron in the n = 2 level making a transition to the n = 1 level. Since no such a signal was found, they concluded that the probability that a new electron introduced into copper would form a mixed symmetry state with respect to the electrons already present in the copper sample, thus violating the Pauli principle, is (1/2)fl2~ < 1.7-10 -26. In the classification introduced above this is an experiment of type 2).
In the case of Bose statistics, no accurate test exists at present. The early measurements by Herzberg on O~ spectra showed that lines involving even K rotational levels of the ground state were missing in the spectra but the accuracy of the data is too low to use them to set a significative bound to possible small violations. Reinterpreted as a search for small violations of Bose statistics, they would lead to an upper limit of fi2 ~< 10-4.
As discussed in ref. [20] , one can constrain fl 2 by assuming that the decay K ~ --* ~ + ~-which is usually considered to come from CP violation, is due to violation of Bose statistics. This would give f12 <~ 10-6.
A limit fl 2 ~< 10-6 to violations of Bose statistics for photons was inferred in ref. [9] on the basis of the presently attainable laser intensities.
Other tests of Fermi and Bose statistics using atoms [21] or molecules [22] have been proposed but no results have been reported so far.
-Proposed experiment.
4"1. General idea. -The basic idea of the proposed experiment is rather simple. The aim is to distinguish 02 molecules in states with ,,wrong~, symmetry (that is, in states with even values of the rotational number K) from a large number of molecules in the ,,right)~ symmetry states. Therefore, the problem is the same as that of the detection of traces of an element, which is typical in atomic and molecular spectroscopy. Techniques have been demonstrated with sensitivities which can approach the single-particle detection [23] .
In this section, I will consider a possible experiment of absorption spectroscopy. The important point is whether the attainable sensitivity is high enough to give significative information. I will show that this is possible even with a relatively simple apparatus.
Recently, we demonstrated the possibility of detecting the magnetic-dipole transitions of the Xa2~ 1 + ---) b Zg atmospheric system of O~ at 762 nm (0-0 band) by simple absorption spectroscopy [24] . In spite of the very small absorption coefficient a-5" 10 -7 Torr-'cm -1 of these transitions, spectra were recorded at pressures as low as a few Torrs with an absorption path of one meter thanks to the very low amplitude noise of the semiconductor diode lasers used as tunable radiation source. Transitions of the PP branch [15] starting from levels corresponding to the values K = = 1, 3, 9 of the rotational quantum number were investigated. A systematic study was performed of the dependence of the line intensity and broadening on the gas temperature. In particular, the signal from the PP(K = 1) line was found to increase by one order of magnitude when the gas temperature is reduced from room temperature to about 100 K.
In the experiment proposed here, one would use essentially the same experimental scheme to try to detect transitions involving anomalous-symmetry states among the allowed transitions. A good candidate is for example the PP(K = 2) transition whose expected position is far from other possible interfering lines.
With a proper optimization and calibration of the sensitivity of the apparatus one can expect to achieve an accuracy high enough to improve by several orders of magnitude the bounds to violations of the statistics, as described in the following.
It is worth mentioning that O~ is not the only molecule on which this experiment can be performed. Other diatomic molecules could be investigated such as He~, C2, $2, or Se2. The production of these species, however, in a proper environment for high-sensitivity spectroscopy poses serious problems. Detection of dipole-allowed transitions between anomalous-symmetry states of triatomic molecules such as C1602 is also possible [22] . Compared to other molecules, however, O2 offers two advantages: first, it is the simplest system allowing this kind of experiment, which will simplify the interpretation of the results. Second, high-sensitivity detection techniques can be easily implemented in the relevant spectral region, as discussed in the following.
4"2.
Experimental. -The apparatus required for the proposed experiment is a typical apparatus for laser absorption spectroscopy. It is made of a) a laser source, b) an absorption cell, and c) a detection apparatus. In the following, a possible scheme is briefly described in order to determine what is the accuracy one can expect to achieve. a) Laser source: in order to investigate transitions at 762 nm, AlGaAs diode lasers emitting at 780 nm at room temperature can be used. They can be tuned down to about 762 nm by cooling them at -240 K [24] .
Frequency stabilization and control can be achieved using an external cavity made with a diffraction grating [25, 26] . This allows a fme tuning of the emission frequency and the suppression of side modes which would prevent accurate absorption measurements.
The amplitude noise of these laser sources is very low. In fact, it can be reduced close to the shot noise limit using negative electronic feedback to suppress the amplitude fluctuations inherent at the lower frequencies [27] .
Another interesting feature of diode lasers is that sidebands can be generated even at frequencies as high as a few GHz by fast modulation of the injection current. Heterodyne detection methods can then be easily implemented.
Extended cavity diode lasers can be easily locked on absorption lines, which can also be of interest for this experiment. In fact, the centre frequency must be controlled even for the long recording time required for signal integration. This can be accomplished either using an accurate 2-meter or by looking at the beat note of the probing laser with a second laser locked on a nearby frequency reference (a 160 180 line, for example). b) Absorption cell: in order to achieve maximum sensitivity, a cell as long as possible should be used. Using multipass cells it is easy to achieve 100-200 m path length.
As already mentioned above, when transitions starting from the lowest rotational levels are observed, a way to increase the detection sensitivity is to reduce the temperature in the cell. A factor of 10 increase in sensitivity for the relevant transitions can be achieved in this way. c) Detection: as already mentioned, an important feature of semiconductor diode lasers is their low-intensity noise which can be close to the shot-noise limit. This allows to achieve a very high sensitivity even by simple absorption detection. However, in order to reduce the effect of low-frequency noise, frequency modulation techniques can be used. The simplest method is to modulate the laser frequency with a relatively slow modulation (-50 kHz) and use lock-in detection.
For maximum sensitivity, a high-frequency (-GHz) heterodyne detection method is possible. Different methods have been demonstrated [28] [29] [30] . A minimum absorption as low as 10 _7 in a 1 Hz bandwidth can be detected in this way [31] .
4"3. Expected accuracy. -The purpose of the proposed experiment is to measure the ratio of the intensities of the lines starting from antisymmetric and symmetric states. As discussed above, this corresponds to measuring the ratio of the populations of the two states, that is fi 2.
The accuracy one can expect to achieve in the determination of the value, or an upper limit, for fi 2 can be calculated using for the relevant experimental parameters the values given in subsect. 4"2, as follows.
The minimum absorption one can detect using high-sensitivity detection schemes is of the order of 10 -7 in a 1 Hz bandwidth.
The absorption coefficient of the observed 02 lines starting from rotational levels close to the relevant ones, is -5.10 -7 Torr-lcm -1 at 300 K. It can be increased by about one order of magnitude by reducing the temperature of the gas to 100 K.
Therefore, using a multipass cell with a path length of 100 m, a gas pressure of 100 Torr, and signal averaging for 400 seconds, it is possible to set a limit of 10 .9 for ~2. This limit can in principle be further reduced to less than 10 -l~ using, for example, longer averaging times and a cell with a longer path length. In this case, however, other detection techniques, such as laser multistep photoionization, might be more appropriate.
The performances assumed in this calculation require a rather sophisticated but realistic apparatus. In fact, a comparison with the data in subsect. 3"2 shows that even with less demanding performances, such an experiment would allow an improvement in accuracy by several orders of magnitude with respect to existing data.
-Conclusions.
Although the possibility of a small violation of the Bose or Fermi statistics is still an open question from the theoretical point of view, the low accuracy of existing experimental tests for bosons makes a simple experiment like the one proposed here tempting and worth being tried. Using standard methods of high-sensitivity molecular spectroscopy, an upper limit of 10-9-10 -1~ can be set on the probability of occupation of states violating the symmetrization postulate. This would represent an improvement of several orders of magnitude with respect to existing experimental data and would place stringent bounds to the validity of theories implying such violations.
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